Background {#Sec1}
==========

As a high-grade aggressive soft tissue tumor, synovial sarcoma (SS) accounts almost 10% in soft tissue sarcomas. Although SS may occur at all ages, the morbidity in adolescent and young adults is more higher \[[@CR1]\]. Characterized by local recurrence and distant metastasis (found in more than 80% of SS patients), SS can occur almost anywhere in the body \[[@CR2], [@CR3]\]. However, the 5-year survival rate is estimated to be only around 27% to 55% with current available therapies including surgery, adjuvant chemotherapy and radiotherapy \[[@CR4], [@CR5]\]. Even more, no effective treatment is available currently to patients with metastasis, which often have a more poorer prognosis, and the 5-year overall survival rate usually lowers than 10% \[[@CR6]\]. Therefore, elucidating the molecular mechanism involved in the metastasis of SS cell is desperately needed, which undoubtedly will greatly contribute to the development of novel therapeutic strategies for the treatment of SS.

The metastasis of tumor cell is a complex and multistage process, which includes adhesion, migration, invasion, angiogenesis, and eventually unremitting proliferation in distant target organs \[[@CR7]--[@CR9]\]. During this malignant process, tumor cells express mesenchymal markers, including vimentin, N-cadherin, and fibronectin, as well as lose the expression of epithelial markers, including E-cadherin and a-catenin, which results in epithelial-mesenchymal transition (EMT), and subsequent local and distant metastases occur. The occurrence and development of EMT are stimulated by some cytokines and growth factors, such as TGF-β1, hepatocyte growth factor (HGF) and epidermal growth factor (EGF) etc. TGF-β1 is the strongest inducer among them and is overexpressed in many types of human cancers, including SS \[[@CR10]\]. However, the regulatory mechanisms of TGF-β1 signaling pathway in EMT are largely unknown, although EMT is considered to take part in SS metastasis \[[@CR11], [@CR12]\].

SHCBP1(initially designated as murine protein of activated lymphocytes (mPAL)) that mapped on a region of chromosome 16q11.2, is first identified by its direct interaction with the adapter protein p52Shc \[[@CR13], [@CR14]\]. Evolutionarily SHCBP1 is conserved in eukaryotes, human SHCBP1 sequence shares 78% identity with mouse's and 23% with the *Drosophila melanogaster* homolog Nessun Dorma's \[[@CR15]\]. Recent studies demonstrated that SHCBP1 plays critical roles in cell proliferation, migration, adhesion, and cell cycle progression, especially in the carcinogenesis \[[@CR16]--[@CR20]\]. Colak D et al. \[[@CR18]\] found that SHCBP1 is highly expressed in breast cancer and significantly correlated with metastatic potential, advanced stage, and poor prognosis. Whereas silencing the expression of SHCBP1 through RNA interference can inhibit the proliferation of breast cancer cells \[[@CR20]\]. Tao HC et al. \[[@CR19]\] also found that SHCBP1 is remarkably upregulated in samples of human hepatocellular carcinoma (HCC), and decreasing the expression of SHCBP1 can significantly inhibit the proliferation and colony formation of HCC cells \[[@CR19]\]. Meanwhile, several lines of studies also confirmed upregulation of SHCBP1 in certain leukemia/lymphoma in both rodents and humans \[[@CR21]--[@CR23]\]. Moreover, research on the mechanism of SHCBP1 in growth of tumor showed that the upregulation of SHCBP1 might be correlated with the activation of MEK/ERK signaling pathway \[[@CR19]\]. SHCBP1 overexpression can increase cyclin-dependent kinase (CDK) inhibitor p21, and decrease the Cyclin B1 and CDK1 \[[@CR20]\]. These findings collectively signified that SHCBP1 functions as an oncogene and represents as an attractive anti-cancer target.

Our previous study indicated that as a novel downstream target gene of SS18-SSX1, SHCBP1 is overexpressed in SS and can promote the proliferation of SS cells, thus promoting its tumorigenesis \[[@CR24]\]. However, whether SHCBP1 is involved in SS cell's invasion and metastasis, and the related regulating mechanisms are still not clear. Thus, the expression of SHCBP1 in SS specimens was examined, and the correlation between its expression levels with SS patients' survival was assayed in current study. Furthermore, the promotive effect of SHCBP1 on the invasion and migration was also investigated. Additionally, since EMT is a key process associated with the progression of SS, we hence investigated the mechanism of SHCBP1 on the process of TGF-β1-induced EMT in SS cells.

Methods {#Sec2}
=======

Patients, specimens, and cell lines {#Sec3}
-----------------------------------

Investigation has been conducted in accordance with the ethical standards and according to the Declaration of Helsinki and according to national and international guidelines and has been approved by the ethics committee of the Second Hospital of Shandong University. Each patient had signed an informed consent. A total of seventy-six SS tissue specimens were obtained from patients who underwent surgical treatment without prior radiotherapy or chemotherapy from the years between 2005 and 2015 at the Department of Orthopaedics, the Second Hospital of Shandong University (Shandong, China). All tissue specimens were diagnosed clinically and pathologically and routinely fixed in 10% formalin and embedded in paraffin for immunohistochemical staining. Histological grade was used by the Federation Natinale des centres de Lutte Cotre le Cancer (FNCLCC) grading system, and disease stage according to the International Union Against Cancer (UICC) staging system.

The human SS cell line HS-SY-II was kindly provided by Dr. Yi Guo (University of California, Irvine, USA), and cultured in Dulbecco's modified Eagle's medium (DMEM, Gibco, NY, USA). Human SS cell line SW982 (HTB-93) was obtained from the ATCC (American Type Culture Collection, Manassas, VA, USA), and maintained in L-15 medium (Gibco). Human umbilical vascular endothelial cells (HUVECs, ATCC) were cultured in RPMI-1640 medium. Human breast cancer cell line MCF-7 and human hepatocarcinoma cell line HepG2 were purchased from ATCC and both maintained in Eagle's Minimum Essential Medium (EMEM, Gibco). Human osteosarcoma cell line Saos2 was also from ATCC and cultured in McCoy's 5A Medium (Gibco). All media were supplemented with 10% fetal bovine serum (FBS, Gibco), and all the cell lines were cultured at 37 °C in a humidified atmosphere with 5% CO~2~.

Immunohistochemistry (IHC) {#Sec4}
--------------------------

IHC was performed as previously described \[[@CR24], [@CR25]\]. Antibody against SHCBP1 (12672--1-AP) was purchased from Proteintech (Wuhan, China). Antibodies against phosphorylated (p)-Smad2 (ab53100), p-Smad3 (ab51177) and TGF-β1 (ab25121) were purchased from Abcam (Cambridge, MA). All sections were assessed and scored by two independent pathologists (Xiaoying Wang and Chengjun Zhou) in a blind manner. Ten high-power fields were selected randomly for each slide. The expression levels of each marker in tumor cells were independently evaluated. The percentage of positive-staining cells were graded on a scale of 0 to 3, with less than 5% positive-staining cells as grade 0, 5 to 25% as grade 1, 26 to 50% as grade 2, and more than 50% as grade 3. The intensity of staining was also graded on a scale of 0 to 2, with negative to weak intensity as grade 0, weak to moderate intensity as grade 1, and moderate to strong intensity as grade 2. After that, the percentage score was multiplied by the intensity score. A final score between 0 and 2 was defined as low expression, and a score higher than 2 was defined as high expression.

RNA extraction and real-time RT-PCR {#Sec5}
-----------------------------------

Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA), and reversely transcripted to cDNA with M-MLV reverse transcriptase kit (Promega, USA) in accordance to the manufacturer's instructions. The PCR primers for SHCBP1 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were as follows: SHCBP1 forward, 5′-GCTACCGTGATAAACCAGGTTC-3′; and SHCBP1 reverse, 5′-AGGCTCTGAATCGCTCATAGA-3′; GAPDH forward, 5′-TGACTTCAACAGCGACACCCA-3′; GAPDH reverse 5′-CACCCTGTTGCTGTAGCCAAA-3′. Then real time RT-PCR was performed with the SYBR Green Real-Time PCR assay kit (TAKARA, Otsu, Japan) on an ABI PRISM 7300 Sequence Detection System (Applied Biosystems, Foster City, California, USA). The level of GAPDH was used as an internal control. Fold changes in expression were calculated using the 2^-ΔΔCt^ method.

Vector construction and lentivirus infection {#Sec6}
--------------------------------------------

The lentiviral vector containing SHCBP1 DNA sequence (LV-SHCBP1), lentiviral vector containing SHCBP1 siRNA sequence (LV-shSHCBP1), and non-effective scrambled shRNA (LV-Control) were constructed by Genechem (Shanghai, China). Constructs containing the sequences of SHCBP1 and SHCBP1 shRNA were cloned into the pGCSIL-GFP (green fluorescent protein) vector (Genechem). The shSHCBP1 target sequence was 5′-TGGTGAAACCTACAATCTT-3′. Lentiviruses production and infection were performed as previously reported \[[@CR24]\]. Stable cell lines expressing SHCBP1 or SHCBP1 shRNAs were selected for 10 days with 0.5 μg/ml puromycin.

Western blot analysis {#Sec7}
---------------------

Standard western blot analysis was carried out as described previously \[[@CR26]\]. Antibodies against E-cadherin (ab76055), vimentin (ab92547), VEGF (vascular endothelial growth factor, ab46154) and TGF-β1(ab25121) were purchased from Abcam (Cambridge, MA). The following antibodies were purchased from Cell Signaling Technology (Beverly, MA, USA): Smad2/3 (\#3102), p-Smad2 (\#3108), p-Smad3 (\#9520), MMP-2 (matrix metalloproteinase-2, \#4022) and MMP-9 (\#3852). SHCBP1 antibody (12672--1-AP) was purchased from Proteintech (Wuhan, China). β-actin (sc-8432) antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

Endothelial adhesion assay {#Sec8}
--------------------------

Endothelial adhesion assay was performed as described previously \[[@CR27]\]. Briefly, HUVECs were grown to confluency in a 6-well plate. 2 × 10^4^ tumor cells infected with LV-SHCBP1, LV-shSHCBP1, or LV-Control were then delivered into the wells pre-incubated HUVEC cells for 30 min at 37 °C. The wells were gently washed with PBS twice to remove non-adherent cells. For quantification, at least five random images were taken. Tumor cells adhering to the endothelial monolayer were then quantified and photographed using a fluorescent microscope system.

Wound healing assay {#Sec9}
-------------------

The wound healing assay was used to measure the migration ability of SS cells. Cells were plated in six-well plates at a cell density of 5 × 10^4^ /ml. After 24 h culture, cells were infected with LV-SHCBP1, LV-shSHCBP1, or LV-Control and cultured to confluence. A wound was made by scratching with a plastic pipette tip. Plates were washed twice with phosphate buffer saline (PBS) to remove any cellular debris and detached cells. Then the cells were incubated with the complete growth medium. Cells migrated into the wounded empty space, and photographs were taken at 0 and 24 h after wounding, respectively.

Cell migration and invasion assays {#Sec10}
----------------------------------

Cell migration assay was performed using Transwell chambers with 8.0 μm pore membrane as described previously \[[@CR28]\]. Briefly, after infection with LV-SHCBP1, LV-shSHCBP1, or LV-Control for 72 h, cells were harvested and resuspended in serum-free medium. Then cells were added to the upper chambers at a density of 1 × 10^5^ cells/ml (200 μl per chamber) with 600 μl medium containing 10% FBS in the lower chambers. Cells were allowed to migrate for 24 h at 37 °C in a CO~2~ incubator. After that, non-migratory cells on the upper surface of the membrane were carefully scraped off with a cotton swab. The migratory cells on the bottom surface were fixed in methanol and stained in 0.1% crystal violet, and countered in 5 randomly selected microscopic fields per well.

For the invasion assay, the same procedures were performed as those for the migration assay described above except that the upper chamber membrane was coated with 100 μl of 200 μg/ml Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) for 60 min at room temperature before experiment.

Matrigel tube formation assay {#Sec11}
-----------------------------

Cells were seeded in 60 mm plates with fresh 1% serum medium for 24 h, and 2 ml of conditioned medium was harvested. The 96-well plates were pre-coated with 50 μl per well of Matrigel (10 mg/ml; BD Biosciences) and incubated at 37 °C for 1 h. Then, 5× 10^4^ HUVECs were suspended in 100 μl of conditioned medium of SS cells, and then gently added to the precoated 96-well plate. The plates were then incubated for 8 h at 37 °C, and capillarylike tube formation was photographed with a digital microscope system.

Statistical analysis {#Sec12}
--------------------

The experimental data were performed using the GraphPad Prism software. The relationship between SHCBP1 and the survival of patients was assessed by the Kaplan--Meier analysis, and the association between SHCBP1 and clinicopathological variables was analyzed by Chi-square test. The differences were evaluated by the log-rank test and the χ2, Fisher exact probability, and Student's t tests were used for comparison between groups. Data were represented as the mean ± SD. A value of *P* \< 0.05 was considered statistically significant.

Results {#Sec13}
=======

SHCBP1 overexpression correlated with progression and poor prognosis of SS patients {#Sec14}
-----------------------------------------------------------------------------------

The clinical and pathologic characteristics of the 76 SS patients participating in the study are summarized in Table [1](#Tab1){ref-type="table"}. The SHCBP1 expression of SS samples was examined by immunohistochemically. Representative SHCBP1 staining patterns in SS tissues of the defined scoring criteria are shown in Fig. [1a](#Fig1){ref-type="fig"}. SHCBP1 expression was strong in 56 (74%) samples and weak in other 20 samples (26%). In subsequent analysis, patients were thus divided into SHCBP1-low (weak expression; *n* = 20) and SHCBP1-high (strong expression; *n* = 56) groups. In corresponding with this, SHCBP1 gene expression in the two tested SS cell lines, human osteosarcoma cell line (Saos2), human hepatocarcinoma cell line (HepG2) and human breast cancer cell line (MCF-7) were significant upregulated (Fig. [1b](#Fig1){ref-type="fig"}), which is consistent with previous studies \[[@CR19], [@CR20]\].Table 1Association of SHCBP1 expression with the clinicopathological characteristics of SSVariablesAll patients\
diagnosed (*n* = 76)Expression of SHCBP1*P* valuesLow expressionHigh expressionGender0.655 Male451134 Female31922Age0.453 ≤ 35441331 \> 3532725Tumor size(cm)0.003 ≤ 5351520 \> 541536Pathologic type0.246 MSS361521 BSS402218Expression of p-smad20.017 0--1462521 2--330822Expression of p-smad30.022 0--1372017 2--3391128FNCLCC grade0.003 2321418 344638UICC stage0.000 1 or 2321616 3 or 444440Recurrence0.024 No502723 Yes26719Distant metastasis0.000 M0522824 M124222*Abbreviations*: *MSS* monophasic synovial sarcoma, *BSS* biphasic synovial sarcoma, *FNCLCC* Federation Natinale des centres de Lutte Cotre le Cancer, *UICC* International Union Against Cancer Fig. 1Strong SHCBP1 expression in SS correlates with poorer patient overall survival. **a** Scores indicating SHCBP1 levels in representative SS tissues. Scale bar = 100 μm. **b** SHCBP1 expression was determined by real-time RT-PCR on total RNA extracted from human HS-SY-II and SW982 synovial sarcoma cell lines, Saos2 osteosarcoma cell line, HepG2 hepatocarcinoma cell line, MCF-7 breast cancer cell line and normal synovialcytes. **c** Kaplan-Meier survival analysis of overall survival in all patients. The curves of overall survival according to (**d**) FNCLCC grade 2, *P* = 0.028; (**e**) FNCLCC grade 3, *P* = 0.564; (**f**) UICC stage 1/2, *P* = 0.03; (**g**) UICC stage 3/4, *P* = 0.818 in 76 patients with synovial sarcoma

To evaluate the relationship between SHCBP1 expression and tumor prognosis, the correlation between high SHCBP1 expression and clinicopathological features of SS was analyzed. The results indicated that SHCBP1 expression was significantly correlated with tumor size (*P* = 0.003), phosphor-Smad2 (*P* = 0.017) or phosphor-Smad3 expression (*P* = 0.022), FNCLCC grade (*P* = 0.003), UICC stage (*P* = 0.000), recurrence (*P* = 0.024) and distant metastasis (*P* = 0.000), whereas there was no significant correlation between SHCBP1 expression and the age (*P* = 0.453), the gender of the SS patient (*P* = 0.655) as well as pathologic type (*P* = 0.246) (Table [1](#Tab1){ref-type="table"}).

The comparison of the prognostic effect of SHCBP1 on overall survival in SS patients with high and low SHCBP1 protein levels revealed that patients with high SHCBP1 expression displayed a significantly lower 10-year survival rate compared to those with low SHCBP1 expression, according to Kaplan-Meier curve assessment (*P* = 0.018, log-rank test; Fig. [1c](#Fig1){ref-type="fig"}). Notably, SHCBP1expression also significantly correlated with overall survival in both the FNCLCC grade 2 (*n* = 32, *P* = 0.028; Fig. [1d](#Fig1){ref-type="fig"}) and UICC Stage 1 + 2 (n = 32, *P* = 0.03; Fig. [1f](#Fig1){ref-type="fig"}), whereas the prognostic value of SHCBP1 expression in selective patient subgroups stratified according to FNCLCC grade 3 and UICC Stage 3 + 4 was not evident (Fig. [1e and g](#Fig1){ref-type="fig"}). Collectively, these results indicated that SHCBP1 upregulation was significantly associated with progression, metastasis, and poor outcome in SS patients.

SHCBP1 promotes SS cell adhesion, metastasis and invasion in vitro {#Sec15}
------------------------------------------------------------------

To examine whether SHCBP1 affects SS cell adhesion, metastasis and invasion, we constructed lentiviral SHCBP1 (LV-SHCBP1) and SHCBP1 shRNA (LV-shSHCBP1) vectors and measured the in vitro migration and invasion abilities of transduced cells. As known, tumor cell adhesion to the extracellular matrix is implicated in tumor cell's motility, invasion and metastasis. The cell adhesion assay indicated that cell adhesion capability was significantly increased in LV-SHCBP1 lentivirus cells relative to the negative control lentivirus cells (Fig. [2](#Fig2){ref-type="fig"}). Conversely, cells infected with LV-shSHCBP1 showed reduced adhesion capability (*P* \< 0.01) (Fig. [2](#Fig2){ref-type="fig"}). Further analysis the effect of SHCBP1 on the migration of SS cells by wound healing and transwell migration assays showed that SHCBP1 overexpressed SS cells exhibited a remarkable increased cell migration (Fig. [3a](#Fig3){ref-type="fig"}-[3d](#Fig3){ref-type="fig"}). By contrast, SHCBP1 inhibition led to a significant decreased migration compared to that of control cells (Fig. [3a](#Fig3){ref-type="fig"}-[3d](#Fig3){ref-type="fig"}). Matrigel-coated Transwell chamber was further used to examine the effect of SHCBP1 on tumor cell invasion at in vitro level. Corresponding to the results of migration assays, SHCBP1 overexpression enhanced cell's invasion (Fig. [3b](#Fig3){ref-type="fig"}-[3d](#Fig3){ref-type="fig"}), whereas SHCBP1 inhibition suppressed that (Fig. [3b](#Fig3){ref-type="fig"}-[3d](#Fig3){ref-type="fig"}).Fig. 2SHCBP1 promotes the SS cell adhesion. Representative images of GFP transfected tumor cells adhering to the endothelial monolayer (magnification ×100). The data (mean ± SD) are statistically significant of three separated experiments, \*\* *p* \< 0.01 Fig. 3SHCBP1 was associated with the invasive and metastatic potential of SS. **a** Representative micrographs of the motility of SHCBP1-overexpressing or SHCBP1-silencing cells in the wound healing assay at 0 h and 24 h compared to untreated and vector control cells. **b**, **c** and **d** Representative micrographs and quantification of the invasiveness of SHCBP1-overexpressing or SHCBP1-silencing cells in the transwell migration and invasion assays compared to untreated and vector control cells. **e** SHCBP1 increased the expression of MMP-2 and MMP-9 in SS cells. Error bars represent mean ± SD from three independent experiments, \*\* *p* \< 0.01

Furthermore, the expressions of MMP-2 and MMP-9 that are closely associated with tumor's invasion and migration were found clearly increased in LV-SHCBP1 lentivirus cells. By contrast, the results were opposite when SS cells were infected with LV-shSHCBP1 (Fig. [3e](#Fig3){ref-type="fig"}). These findings suggested that SHCBP1 could promote SS cell adhesion, metastasis and invasion.

SHCBP1 promotes HUVECs tube formation and the expression of VEGF in SS cells {#Sec16}
----------------------------------------------------------------------------

In the later stages of angiogenesis, endothelial cells self-assemble into tubes to form new blood vessels. To investigate the effect of SHCBP1 on neovascularization, HUVECs were cultured on Matrigel-coated plates in the conditioned media. After an 8 h incubation, cells infected with LV-SHCBP1 lentivirus showed significantly increased HUVECs tube formation compared with the negative control lentivirus cells (*p* \< 0.01) (Fig. [4](#Fig4){ref-type="fig"}). However, cells infected with LV-shSHCBP1 exhibited opposite effect (Fig. [4](#Fig4){ref-type="fig"}). VEGF has been shown to be the most potent angiogenic factor in tumor angiogenesis \[[@CR29]\]. VEGF protein levels assay in conditioned media from cells infected with LV-SHCBP1, LV-shSHCBP1, or LV-Control showed that VEGF expression was significantly decreased in LV-shSHCBP1 lentivirus cells, whereas it was dramatically increased in LV-SHCBP1 lentivirus cells (Fig. [4](#Fig4){ref-type="fig"}). Thus it can be concluded that SHCBP1 could markedly promote angiogenesis of SS cells.Fig. 4SHCBP1 promotes HUVECs tube formation and upregulates the expression of VEGF of SS cells. Representative phase-contrast images of the tubes that formed (magnification ×100). SHCBP1 enhanced the expression of VEGF protein

SHCBP1 induces EMT of SS cells in vitro {#Sec17}
---------------------------------------

EMT that characterized by a process in which epithelial cells obtain the migratory and invasive ability of mesenchymal cells plays a key role in tumor progression and metastasis \[[@CR30]\].To determine whether SHCBP1 induces EMT, the expression of EMT markers was evaluated. As expected, SHCBP1 overexpression decreased the levels of epithelial markers (E-cadherin) and increased the levels of mesenchymal markers (vimentin) in both SS cell lines (Fig. [5a](#Fig5){ref-type="fig"}). Conversely, silencing SHCBP1 increased the levels of epithelial markers, and lowered the levels of mesenchymal markers (Fig. [5a](#Fig5){ref-type="fig"}). Similar results were obtained when we performed real time RT-PCR analysis for these genes (Fig. [5b](#Fig5){ref-type="fig"}). These findings together indicated that SHCBP1 could induce EMT in SS cells.Fig. 5SHCBP1 regulated EMT in vitro. **a** Western blot analysis of E-cadherin and vimentin proteins in SHCBP1-overexpressing or SHCBP1-silencing cells. **b** Representative micrographs of E-cadherin and vimentin mRNA expressions in SHCBP1-overexpressing or SHCBP1-silencing cells as determined by real-time RT-PCR. Bars represent the mean ± SD of three independent experiments, \*\* *p* \< 0.01

SHCBP1 participates in TGF-β1-induced EMT {#Sec18}
-----------------------------------------

With the most potent EMT inducer, TGF-β1, we then assessed the impact of SHCBP1 on EMT of SS cells. Fig. [6a](#Fig6){ref-type="fig"} showed that TGF-β1 time-dependently induced SHCBP1 expression. This induction was accompanied by higher expression of the mesenchymal marker vimentin and lower expression of E-cadherin, an epithelial marker (Fig. [6a](#Fig6){ref-type="fig"}). LV-shSHCBP1 and LV-control were transfected into HS-SY-II and SW982 cells to further investigate the influence of SHCBP1 on TGF-β1-induced EMT and cell invasiveness. As showed in Fig. [6b](#Fig6){ref-type="fig"}, an increased expression of epithelial markers and a decreased expression of mesenchymal markers were apparent after LV-shSHCBP1 infection treated with TGF-β1 for 48 h. Moreover, in accordance with the above changes of EMT, silencing SHCBP1 decreased the invasive ability of tumor cells (Fig. [6c](#Fig6){ref-type="fig"}). These data demonstrated that SHCBP1 played a critical role in TGF-β1-induced EMT in SS.Fig. 6SHCBP1 participates in TGF-β1-induced EMT. **a** Western blot of SHCBP1, vimentin and E-cadherin in the indicated cells in response to treatment with 10 ng/mL TGF-β1 for 0, 24, and 48 h. **b** Twenty-four hours post-transfection of LV-Control or LV-shSHCBP1 lentivirus, the cells were treated with TGF-β1 (2 ng/ml) for an additional 48 h. The expressions of SHCBP1, E-cadherin and vimentin were detected by Western blot. **c** Representative images and data of a transwell invasion assay for HS-SY-II and SW982 cells. TGF-β1 stimulation significantly increased the invasiveness of both tumor cell lines compared with that in the absence of TGF-β1 (LV-Control) or LV-shSHCBP1 lentivirus cells. Each bar represents the mean ± SD, \*\**P* \< 0.01. All images are representative of three independent experiments with similar findings

SHCBP1 activates TGF-β1 signaling pathway {#Sec19}
-----------------------------------------

Considering that the TGF-β1/Smad signaling is a key pathway leading the high invasion and migration ability of many cancer cells, we consequently investigated the mechanisms by which SHCBP1 promotes SS cell migration and invasion by examining the TGF-β1/Smad signaling pathway. As shown in Fig. [7a](#Fig7){ref-type="fig"}, the expression levels of TGF-β1 significantly increased in SHCBP1-overexpressing cells and decreased in SHCBP1-silenced cells. Activated TGF-β1 is known to induce the phosphorylation of the downstream targets Smad2 and Smad3, which then form hetero-oligomeric complexes with Smad4 and translocate to the nucleus to regulate gene expression through transcription and thus mediate the biological effects of TGF-β1 such as cell growth, invasion and migration \[[@CR31]\]. As expected, SHCBP1 overexpression markedly increased, but silencing SHCBP1 reduced, the levels of phospho-smad2, and phospho-smad3 (Fig. [7a](#Fig7){ref-type="fig"}), suggesting that SHCBP1 contributes to regulating TGF-β1/Smad signaling pathway. Moreover, TGF-β1, phospho-smad 2, and phospho-smad3 expressions were found to be upregulated in SHCBP1-high SS samples (Fig. [7b](#Fig7){ref-type="fig"}). Altogether, our data suggest that SHCBP1 may promote the invasive capability of SS cells via activation of the TGF-β1/Smad signaling pathway.Fig. 7SHCBP1 activates the TGF-β1/Smad signaling pathway. **a** Western blot analysis of TGF-β1, p-Smad2, p-Smad3, and total Smad2/3 in SHCBP1-overexpressing or SHCBP1-silencing cells. **b** Immunostaining revealed the expressions of TGF-β1, p-Smad2, and p-Smad3 in SHCBP1-high and SHCBP1-low SS tissues (magnification ×200). Scale bar = 100 μm

Discussion {#Sec20}
==========

Our previous studies uncovered that SHCBP1 is a novel downstream target gene of SS18-SSX1, who acts as an oncogene by promoting proliferation and tumorigenicity of SS cells \[[@CR24]\]. Here, we disclosed a significant association between elevated SHCBP1 expression and tumor size, FNCLCC grade, UICC stage, and distant metastasis. Similar to breast cancer \[[@CR20]\] and hepatocellular carcinoma \[[@CR19]\], patients with higher SHCBP1 expression had shorter overall survival time than those with lower SHCBP1 expression, indicating that SHCBP1 seems represent an independent prognostic factor for SS patients. Most importantly, SHCBP1 overexpression increased adhesion, migration and invasion of SS cells through inducing EMT, activated TGF-β1/Smad signaling pathway and significantly correlated with SS progression,

SHCBP1 contributes to enhanced aggressive behavior of SS cells, overexpression of SHCBP1 increased adhesion, angiogenesis, migration and invasion in vitro, while silencing it inhibited these malignant behaviors, signifying prominent positive correlation between the expression of SHCBP1 and the metastasis and invasion of SS. Tumor metastasis is a complex and multistage process. During this, tumor cells need to express a variety of distinct properties including altered adhesiveness, increased motility, invasive and angiogenic capacity to finish the metastatic process \[[@CR32]\]. Meanwhile, degradation of stromal extracellular matrix (ECM) is a crucial step for tumor invasion and metastasis. Accumulating evidences had demonstrated that MMP-2 and MMP-9 play key roles in invasion and metastasis of various cancers \[[@CR33]\], including SS \[[@CR34]\], due to their specificity for degrading the basement membrane. Additionally, VEGF, the most potent tumor angiogenic factor, closely involved in tumor cell invasion and metastasis. The proliferation of endothelial cells in many human cancers can be stimulated by VEGF. Indeed, VEGF expression is frequently upregulated in many tumors, including SS \[[@CR34]\]. In current study, the expressions of MMP-2, MMP-9 and VEGF were found conformably decreased in SHCBP1-silencing cells and enhanced in SHCBP1-overexpressing cells, suggesting that SHCBP1-induced metastasis and invasion at least partially realized through modulating the expressions of MMP-2, MMP-9 and VEGF.

Previous research suggests that cancer cells obtain the ability of invasion principally through the EMT, a process that epithelial cells lose their cell-cell adhesion and obtain mesenchymal feature, which plays critical roles in the development and progression, the invasion and migration of diverse human tumors, including SS \[[@CR11], [@CR12]\]. Our data revealed that SHCBP1 overexpression increased adhesion, migration and invasion, which was accompanied with the elevated expression of mesenchymal markers vimentin and the decreased expression of epithelial markers E-cadherin. Conversely, silencing SHCBP1 had the opposite effects. These data suggested that SHCBP1 plays a key role in the acquisition of cell motility and invasiveness of SS cells through induction of EMT.

TGF-β1 is a multifunctional cytokine that takes part in regulating multiple cellular processes, such as cell proliferation, differentiation, motility, angiogenesis, invasion and metastasis. Previous studies had shown that TGF-β1 is overexpressed in many kinds human malignant tumors, including SS \[[@CR11]\]. TGF-β1 can function in either inhibiting tumors or promoting tumors, depending on the course of tumor progression \[[@CR35]\]. At early stage of tumorigenesis, TGF-β1 signaling impedes tumor proliferation via inducing cell cycle arrest and apoptosis, whereas it promotes tumor invasion and metastasis through EMT at later stage of cancer \[[@CR36]\]. The present study showed that induction of EMT in SS cells by TGF-β1 was associated with a significant elevation in SHCBP1 expression. These changes included significantly decreased expression of E-cadherin, concomitantly increased expression of vimentin, and enhanced the ability of invasion of SS cells. These results indicated that SHCBP1 serves as a co-stimulator in TGF-β1-induced EMT in SS.

In order to better understand the molecular mechanisms by which SHCBP1 regulated the metastasis of SS cells, we further investigated the TGF-β/Smad signaling pathway. TGF-β1 binds to TGF-β type I receptor, a transmembrane protein with Ser/Thr kinase domain, and then phosphorylates Smad2 and Smad3, which regulates the expression of downstream target genes and subsequently contributes to promoting EMT and metastasis of many cancer cells \[[@CR37]\]. In accordance with previous reports, the levels of phospho-smad2 and phospho-smad3 were found to be increased in SHCBP1-overexpressing cells and decreased in SHCBP1-silenced cells. Therefore, the effects of SHCBP1 on inducing of EMT and promoting the invasion of SS cells are at least partly mediated by activating the TGF-β1/Smad signaling. How SHCBP1 activates the TGF-β/Smad signaling pathway is under investigation currently in our laboratory.

Conclusions {#Sec21}
===========

SHCBP1 was found highly expressed in SS cell lines and tissues, which was linked to the poor clinical prognosis and was implicated in SS aggressive progression. Moreover, SHCBP1 regulated invasion and metastasis by modulating the TGF-β1/Smad signaling pathway and promoting the EMT in SS. Most important, this is the first study that demonstrating the contribution of EMT to the metastasis and invasion of SS cells. Thus SHCBP1 might serve as a promising target for SS treatment.
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